Thermodynamics (2) MEP2104 



Course contents 

■ Second law of thermodynamics and energy conversion quality. 

■ Entropy. 

■ Exergy. 

■ Gas power cycles. 

■ Vapor power cycles. 

■ Refrigeration cycles. 

■ Thermodynamic relations. 
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The Second Law of Thermodynamics 



■ The first law of thermodynamics (the principle of energy 
conservation). 

■ a process must satisfy the first law to occur However, 
satisfying the first law alone does not ensure that the process 
will actually take place. 







FIGURE 5-2 

Transferring heat to a wire will no4 
generate elecLriciLy. 





FIGURE 6^1 

A cup of hot coffee does not get hotter 
in a cooler room. 



FIGURE 6-3 

Transferring heat to a paddle wheel 
will not eause it to roLale. 



FIGURES^ 

Ehoeesses occur in a certain direction, 
and not in the reverse direction. 



The Second Law of Thermodynamics 



■ A process cannot occur unless it satisfies both the 
first and the second laws of thermodynamics. 



PROCESS Lsl law 2nd law 



FIGURES^ 

A process musl satisfy bolh the Fiirst 
and second laws of Lhcmnodynamics to 
proceed. 



■ The use of the second law of thermodynamics is not limited to identifying 
the direction of processes, however. 

■ The second law also asserts that energy has quality diS well as quantity. 

■ The second law of thermodynamics is also used in determining the 
theoretical limits for the performance of commonly used engineering 
systems. 



The Second Law of Thermodynamics 

Thermal Energy Reservoirs 



Thermal energy reservoir is a hypothetical 
body with a relatively large thermal energy capacity 
(mass X specific heat) that can supply or absorb 
finite amounts of heat without undergoing any 
change in temperature. 
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FIGURES^ 

Bodies wllh ndaLLvely large LhcmiaJ 
masses can be modeled as thermal 
enei]py reservoirs. 



A body does not actually have to be very large to be 
considered a reservoir. Any physical body whose thermal 
energy capacity is large relative to the amount of energy it 
supplies or absorbs can be modeled as one. The air in a 
room, for example, can be treated as a reservoir in the 
analysis of the heat dissipation from a TV set in the room, 
since the amount of heat transfer from the TV set to the 
room air is not large enough to have a noticeable effect on 
the room air temperature. 
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FIGURE 6^7 

A SDurce supplies energy In Lhe form 
of hear, and a sink absorbs li. 



The Second Law of Thermodynamics 

Heat Engines 

■ work can easily be converted to other forms of 
energy, but converting other forms of energy to 
work is not that easy. 

■ but converting heat to work requires the use of 
some special devices. These devices are called 

heat engines. 
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FIGURE 6-B 

Work can always be canverted Lo hcai 
direcLly and ccunpleLdy. but the 
reverse is not true. 



■ Heat engines differ considerably from one another, 
but all can be characterized by the following: 

1 . They receive heat from a high-temperature source 
(solar energy, oil furnace, nuclear reactor, etc.). 

2. They convert part of this heat to work (usually in the 
form of a rotating shaft). 

3. They reject the remaining waste heat to a low- 
temperature sink (the atmosphere, rivers, etc.). 

4. They operate on a cycle. 
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FIGURE G-d 



Part of the heat received by a heat 
engine is converted lo work, while the 
ne&t is rejected lo a sink. 



The Second Law of Thermodynamics 

Heat Engines 



Qn = amount of heat supplied to steam in boiler from a high-temperature 
source (furnace) 

Q)ut= amount of heat rejected from steam in condenser to a low temperature 
sink (the atmosphere, a river, etc.) 

l/Vout= amount of work delivered by steam as it expands in turbine 
= amount of work required to compress water to boiler pressure 



i^net.out= ^ou- (^J) 
^et,out= Q)ut 
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FIGURE 6^11 

A porti on of lhe work output of a heat 
engine is consumed internally to 
maintain continuous operation. 



FIGURE 6-10 

Sche malic of a steam power plant. 



The Second Law of Thermodynamics 

Heat Engines 



■ Thermal Efficiency: 

Thermal efficiency = net work output/total heat input 
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H can also be expressed as 



^Jth = 
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FIGURE 6-12 
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Some heat engines perform berier ihan 
others (convert more of the he at ihey 
receive Lo work). 



FIGURE S-13 

SchcniaLic of a heat engine 
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FIGURE 5-14 

Even the m-ost efficient heat engines 
reject almost one-ha] f of the energy 
they receive as waste heat. 



The Second Law of Thermodynamics 

Heat Engines 
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FIGURE 6-1 5 

A heat-engine cycle cannot be 
completed wiihout rejecling some heal 
to a iow-tcmpcralurc sink. 



The Second Law of Thermodynamics 

Heat Engines 
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ScticmaLic for Example 6-L 



EXANtPLE S-1 Net Power Production of a Heat Eneine 

Heat is transferred to a heat engine from a furnace at a rate of 80 MW. If 
the rate of waste heat rejection to a nearby river is 50 MW^ determine the 
net power output and the thermai efficiency for this heat eniine. 



Solution The rates of heat transfer to and from a heat engine are given. 
The net power output and the thermal efficiency are to be determined. 
^SUm0Of}S Heat losses through the pipes and other components are 
negligible. 

Anstysis A schematic of the heat engine is given in Fig. &-L6. The furnace 
serves as the hlgh-temperature reservoir for this heat engine and the river as 
the low-temperature reservoir. The given quantities can be ejrpressed as 

= SO MW and = 50 MW 

The net power output of this heat engine is 



= Qff-Qi= (80 - 50) MW = 30 MW 



Then the thermal efficiency Is easily determined to be 



nth = 



iV. 



rwl^njL 



Qh 



30 MW 
80 MW 



= 0.375 (or 37.5^5)) 



BisofSSfOff Note that the heat engine converts 37.5 percent of the heat it 
receives to work. 



The Second Law of Thermodynamics 

Heat Engines 
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FIGURE 6-17 

SchemaLLC for Example 6-2. 



EXAMPLE 6-2 Fuel Consjmptien Rate cf a Car 

A car engine with a power output of 65 hp has a thermal efficieicy of 24 
percent. Determine the fuel consumption rate of this car if the fuel has a 
heating value of L9;000 Btu/llbm ft hat is, 19^000 Btu of energy lis released 
for each Ibm of fuel burned). 

Seliitian The power output and the efficiency of a car engine are given. 
The rate of fuel consumption of the car Is to be determined. 

Assumpiio^s The power output of the car is constant. 

A/iSiysis A schematic of the car engine is given in Fig. 6-L7. The car 
engine is powered by converting 24 percent of the chemical ener©^ released 
during the combustion process to work. The amount of energy input required 
to produce a power output of 65 hp is determined from the definition of 
thermal efficiency to be 

65 hp/2545 Btu/h\ 

- “Sr = w(— n;^ J = 



To supply energy at this rate^ the engine must bum fuel at a rate of 



659,270 Btu/h 
19,000 Blu/lbm 



= 36 J Ibm/h 



since 19,000 Btu of thermal energy is released for each Ibm of fuel burned. 
Discijssiof^ Note that if the thermal efficiency of the car couEd be doubled^ 
the rate of fuel consumption would be reduced by half. 
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The Second Law of Thermodynamics: 

Kelvin-Planck Statement 

It is impossible for any device that operates on a cycle to receive heat 
from a single reservoir and produce a net amount of work. 



Therma] cne r-cscrvoLr 

Q^= 100 kW 




FIGURE 6-1 6 

A heat engine ihaL violates itie 
KclvLn.-Planck stalcmcnL of the 
second law. 
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REFRIGERATORS AND HEAT PUMPS 



Coefficient of Performance: 



COP,, 
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= Qu-Ql (U) 



Then the COP relation bocoraes 



COPk = 
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FIGURE S-19 

Bas Lc conuponents of a refrigcratioti 
system and typical operating 
■condiLion&_ 
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Heat Pumps 



COP HP — 



Desired output 



Requ ired i n pu t 



which can also be expressed as 



COPhp = 



Qfi 



I 



Q^-Ql I - Qi/Gf, 



COP]^I. = COPit + I 
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FIGURE S-20 FIGURE 6-21 

The objective of a refrigeralor is to The objective of a heat pump is lo 

remove the cooled space. supply heat into the warmer space. 





Cold outdoor! 
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FIGURE 6-22 

The work supplied lo a he at pump is 
used to extract energy from the cold 
■outjdoors and carry it into the warm, 
indoors. 
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EXAMPLE 6-3 Heat Rejectian bf a Refrigeratar 

TTie food compartment of a refrigerator^ stiowfi in Fig. 6-24^ is maintaired at 
4‘^C by removmg heat from it at a rate of 360 kJi/mir. If the required power 
input to the refrigerator is 2 kW^ determme (a) the coefficient of perfor- 
marce of the refrigerator and (5) the rate of heat rejectior to the room that 
houses the refrigerator. 



Solution The power consumption of a refrigerator is given. The COP and 
the rate of heat rejection are to be determined. 

AssunipiiGfiS Steady operating conditions exist. 

(a) The coefficient of performance of the refrigerator is 



COP, 




360 fcJ/min / | kW \ ^ 

2kW \60U/inin/ “ ‘ 



That is, 3 kJ of heat is removed from the refrigerated space for each kJ of 
work supplied. 

f5) The rate at which heat is rejected to the room that houses the refrigerator 
is determined from the conservation of energy relation for cyclic devices, 



Qti — Ql + kJ/min + 




= m U/min 



Btscussion Notice that both the ener^ removed from the refrigerated space 
as heat and the energy supplied to the refrigerator as electrical work eventu- 
ally show up in the room air and become part of the internal energy of the 
air. This demonstrates that energy can change from one form to another^ can 
move from one place to another^ but is never destroyed during a process. 
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FIGURE 6^24 

SchemaLic for Example 6-3. 
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EXAMPLE 6-4 Heating a House b|^ a Heat Pump 

A heat pump lis used to meet the heating requirements of a house and main- 
tain it at 20'^C. On a day when the outdoor air temperature drops to — 2T, 
the house is estimated to lose heat at a rate of 30*000 kJ/h. If the heat 
pump under these conditions has a COP of 2;5* determine fa) the power 
consumed by the heat pump and (6) the rate at which he-at is absorbed from 
the cold outdoor a if. 

Solution The C0"P of a heat pump is grven. The power consumption and 
the rate of heat absorption are to be determined. 

Assifnipiiof^s Steady operating conditions exist. 

An^tysls (a) The power consumed by this heat pump, shown in Fig. 6-25, 
is determined from the definition of the coefficient of performance to be 






Qh 

COPhp 



»0,000 kJ/h 
15 



= 32,00fl iiJ/li (orS Q kW) 



fW The house is losing heat at a rate of 80^000 kJ/h. If the house is to be 
maintained at a constant temperature of 20'^C, the heat pump must deliver 



heat to the house at the same rate, that is* at a rate of 80,000 kJ/h. Then 
the rate of heat transfer from the outdoor becomes 



Ql = Qti - = (^,000 - 32,000) y/h = 48,0(K) U/h 

Discussion Note that 48^000 of the 80^000 y/h heat delivered to the 
house IS actually extracted from the cold outdoor aiir. Therefore ^ we are pay- 
ing only for the 32,000-kJ/h energy that os supplied as electrical work to the 
heat pump. If we were to use an electric resistance heaiter instead., we would 
have to supply the entire 80^000 kJ/h to the resistance heater as electric 
ener^. This would mean a heating bill that is 2.5 times higher. This 
explains the popularity of heat pumps as heating systems and why they are 
preferred to simple electric resistance heaters despite their considerably 
higher initial cost. 





FIGURE 6^25 

Schematic for Example 6-^. 
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The Second Law of Thermodynamics: 

Clausius Statement 

It is impossible to construct a device that operates in a cycle and 
produces no effect other than the transfer of heat from a lower- 
temperature body to a higher-temperature body. 
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FIGURE S-26 

A refri^eralor that violates ihe 
ClauLSLUs sLalcmenLof the second law. 
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Equivalence of the Two Statements 
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FIGURE 6^27 

Proof thaL the vi olatiofi of the 
KcLvin-PLanck stalcment leads to the 
violation of ihc Clausius slatcmenl. 



The Second Law of Thermodynamics 



PERPETUAL-MOTION MACHINES 




^OUL 



FIGURE S-2S 

A pcrpclyaJ-moticNn machine lhal 
vtolaLes the first bw of 
Lhcrmodynarniics I). 




FIGURE 6^29 

A pcqKlual-iTiotion machine ihaL 
violaLes the second law of 
thermodynamics {PM M2). 
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6-6 REVERSIBLE AND IRREVERSIBLE PROCESSES 
A reversible process (ideal process) is defined as 
a process that can be reversed without leaving any 
trace on the surroundings 





(a) S Low (rc^icreiblie) process (£■) Fast (Lrre-veisibLe) process 



FIGURE 6-31 Reversible processes deliver the most and consume 
the least work. 
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FIGURE 6-30 

Two famiiliar reversible processes. 
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Irreversibilities 

1- Friction (between soiid and soiid, soiid and fiuid, fluid and fluid) 

2- Unrestrained expansion and compression of a gas. 

3- heat transfer through a finite temperature difference 

4- mixing of two fiuids. 

5- eiectric resistance. 

6- ineiastic deformation of soiids. 

7- chemicai reactions. 
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FIGURE 6^2 

Fricdon renders a pracess tirreversible. 



(c) UrincELrairied CKpansion 

FIGURE 6-33 

Irreversible campresston and 
expansion processes. 
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FIGURE 6-34 

(a) Heal Lransfer through a 
temperature: difference is irreversible, 
and (b) ihe reverse process is 
impossible. 
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Internally and Externally Reversible Processes 

■ A process is called internally reversible if no irreversibilities occur 
within the boundaries of the system during the process. 

■ A process is called externally reversible if no irreversibilities occur outside 
the system boundaries during the process. 
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A reversible prcicess involves no 
internal and extcmal irreversibilities, 



FIGURE 6^6 

Totally ard intcrally riErversible hcaL 
transfer processes. 
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6-7 THE CARNOT CYCLE 

Probably the best known reversible cycle is the Carnot 
cycle, first proposed in 1824 by French engineer Sadi 
Carnot. The theoretical heat engine that operates on the 
Carnot cycle is called the Carnot heat engine. The 
Carnot cycle is composed of four reversible 
processes — two isothermal and two adiabatic — and it 
can be executed either in a closed or a steady-flow 
system. 

The four reversible processes that make up the Carnot 
cycle are as follows: 

1- Reversible Isothermal Expansion (process 1-2, 
constant). 

2- Reversible Adiabatic Expansion (process 2-3, 
temperature drops from to TJ. 

3- Reversibie Isothermal Compression (process 3-4, 
Ti_ constant). 

4- Reversible Adiabatic Compression (process 4-1 , 
temperature rises from T^to T^. 
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FIGURE 6-37 

Excculion of the Camol cycle iri a 
closed sysLcm. 
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FIGURE 6-3S 

P-V diagram of the Camot cycle. 
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The Reversed Carnot Cycle 

The four reversible processes that make up the reversed 
Carnot cycle are as follows: 

1- Reversible Adiabatic Expansion (process 1-2, 
temperature drops from to TJ. 

2- Reversible Isothermal Expansion (process 2-3, 
constant). 

3- Reversible Adiabatic Compression (process 3-4, 
temperature rises from 7"^ to 7)y). 

4- Reversible Isothermal Compression (process 4-1 , 
constant). 




FIGURE 6^9 

P-L/ diagram of the reversed CamoL 
cycle. 
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6-8 THE CARNOT PRINCIPLES 



1 . The efficiency of an irreversible heat engine is always less than the efficiency 
of a reversible one operating between the same two reservoirs. 

2. The efficiencies of all reversible heat engines operatina between the 
same two reservoirs are the same. 

b 17 j|= IODD K 
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FIGURE ^-40 

The CamoL principles. 




Low- tempt mure reservioir 
at = 300 K 



FIGURE 6-42 

.^11 reversible heat engines operaLing 
bclwccn ihe same iwa reservoirs have 
the same efficiency (the second Camot 
principle). 
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Proof of the Carnot principles 
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then reversed Id ruin as a refrigerator) 



FIGURE G-^1 

Proof of the firsl Carnot principle. 
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■ The thermodynamic temperature scale 

Hthjev = ~I~l) Qh/Ql= f( Ti_i, Ti) 

since nth = Oh/Ol 

and ^=RT,,T,) 

Ui 1/’ yj 



9l = £l£i 

Cs Qi Qi 






m- Ti) 



m) 



t!3 



and f[T,,h) 






Qi. <^C^J 



This is the only requirement that the second law places 
on the ratio of heat transfers to and from the reversible 
heat engines. Several functions (|)(7' ) satisfy this 
equation, and the choice is completely arbitrary. Lord 
Kelvin first proposed taking (|)( 7" ) = 7" to define a 
thermodynamic temperature scale as (Fig. 6-44) 
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FIGURE 6-43 

The afTan^emcnt of heal engines used 
LG dcveJop Lhe Lhemiodynainic 
temperature scale. 
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V C2!iL / rev Tt. 

This temperature scale is called the Kelvin scale, 
and the temperatures on this scale are called 
absolute temperatures. On the Kelvin scale, the 
temperature ratios depend on the ratios of heat 
transfer between a reversible heat engine and the 
reservoirs and are independent of the physical 
properties of any substance. On this scale, 
temperatures vary between zero and infinity. 
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FIGURE 6-44 

For nev'ensible cycles, the heat traiiJifer 
ratio Qff/Qi can be replaced by llie 
absolute temperaure ratio 
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The magnitude of a Kelvin 

At the International Conference on Weights and 
Measures held in 1954, the triple point of water (the 
state at which all three phases of water exist in 
equilibrium) was assigned the value 273.16 K (Fig. 
6-45). The magnitude of a kelvin is defined as 
1/273.16 of the temperature interval between 
absolute zero and the triple-point temperature of 
water. The magnitudes of temperature units on the 
Kelvin and Celsius scales are identical (1 K rC). 
The temperatures on these two scales differ by a 
constant 273.15: 

T(°C)= T(K)+ 273.15 
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A conccplual experimental setup lo 
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temperatures on ihc Kelvin scale by 
measuring heal transfers and 
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6-10 THE CARNOT HEAT ENGINE 
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FIGURE©^ 

The CamoL heaL engine is ihe mosL 
efficienLof all heaL engines operating 
belween ihe same high- and low- 
Lempcraturc reservoirs. 



FIGURE 6-47 

No heat engine can have a higher 
efficiency lhan a reversible heat engil^^^ 
operating between the same high- and 
low-lemperature reservoirs. 
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FIGURE 6-4B 

Schematic for Example 6-5. 



EXAMPLE 6S Analysis of a Carnot Heat Engine 

A Carnot heat ergire, shown in Fig. 6-43, receives 500 y of heat per cycie 
from a high-temperatjre source at 652^C and rejects heat to a iow-temperatjre 
sink at 30^C. Determine (a) the thermal efficiency of this Carnot engine and 
(6) the amount of heat rejected to the sink per cycle. 

Solution The heat supplied to a Carnot heat engine is given. The thermal 
efficiency and the heat rejected are to be determined. 

Aftatysis (a) The Carnot heat engine is a reversible heat engine, and so its 
efficiency can be determined from Eq. 6-18 to be 

. (^0 + 273) K ^ 

VcKc - - 1 - - I - ^^52 + 273) K “ 

That is, this Carnot heat engine converts 67.2 percent of the heat it receives 
to work. 

(b) The amount of heat rejected by this reversible heat engine Is easily 
determined from Eq. 6-16 to be 

T, (30 + 273) K 

= (652 + 273) K P«> 1^) = W 

Dtscussfoft Note that this Carnot heat engine rejects to a low-temperature 
sink 164 kJ of the 500 kJ of heat it receives during each cycle. 



The Second Law of Thermodynamics 



■ The Quality of Energy 



High-ltjnpKBJUjrc reservoir 
at Tff 



7. K 



2000 - 




Th,K 


??ih- 


925 


67.2 


eoD 


62.1 


700 


56.7 


500 


39.4 


350 


13.4 



1.500 - 

Tfiermal 

1000 - 



I.tnv-tmipciBlune reservoir 
Bl 7^ = 303 K 



500 - 



FIGURE 6^9 

The fraction of heat that can be 
converted to wort as a fii action of 
sou roc temperature (for = 3D3 K). 
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FIGURE 6^0 

The higher the temperature of the 
LhcimaJ energy, ihe higher its quaiily. 
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- 6-11 THE CARNOT REFRIGERATOR AND HEAT PUMP 



COPjt = — and OOPhp = 



Q«!Ql - I 



J — QlIQh 






I 

h/h - 1 



COP 



HP, ITT — 



L 

I - nfTn 



( < C0 Pk,„, 

copI = COP^, 

[ > cop^„. 



irreversible refrigerator 
leveraible refrigerator 
impossible refrigerator 



Wann environment 



al7fl=300K 




atr: = 275K 



FIGURE 6-51 

No refrigerator can have a higher COP 
Lhan a reversible refrigeraLor operaiing 
bclwcen the same le mpcraLure Li nails. 
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Warm environment 



at Tff = 75T 




Cool rcfigeraled spare 
Bl7i= 35T 



FIGURE 6-52 

Schematic for Example 6-6. 



EXAMPLE 6-6 A Qjestionable Claim for a Refrigerator 

An invertor claims to have developed a refrigerator that mairtalis the refrig- 
erated space at 35“F while operatirg in a room where the temperature is 
75“f and that has a COP of 13.5. Is this claim reasonable? 

Solution Ar extraordiiary claim made for the performance of a refrigerator 
is to be evaluated. 

AssumptfOfts Steady operating conditions exist. 

A/lstysis The performance of this refrigerator (shown in Fig. 6-52) can be 
evaluated by comparing it with a reversible refrigerator operating between 
the same temperature limits: 

COPiiijiui = COPk = j, ^ j, _ I 



(75 + 460R)/{35 + 460R) - 1 

Discussion This is the highest COP a refrigerator can have when absorb- 
ing heat from a cool medium at 35“ F and rejecting it to a warmer medium at 
75“F. Since the COP claimed by the inventor is above this maximum value, 
the claim is fotse. 
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1 35,000 kJ/li 




0L 



Cold outside air 
7i = -5^ 

FIGURE 6-53 

ScheniaLic for EAamplc 6^7. 



EXAAtPlf 6-7 Heating a House by a Carnot Heat Pump 

A heat pump is to be used to heat a house during the winter, as shown in 
Fig. 6-53. The house is to be maintained at 21^C at ali times. The house is 
estimated to be losing heat at a rate of 135,000 kJ/h when the outside tem- 
perature drops to — 5°C. Determine the minimum power required to drive 
this heat pump. 

Solution A heat pump maintains a house at a constant temperature. The 
required minimum power input to the heat pump is to be determined. 
Asst/nijpi/ons Steady operating conditions exist. 

Analysis The heat pump must supply heat to the house at a rate of Qf^ = 
135i000 kJ/h = 37.5 kW. The povrer requirements are minimum when a 
reversible heat pump is used to do the job. The OOP of a reversible heat 
pump operating between the house and the outside air is 



COPrni.m 



I - 7'JTff ] - (-5 + 273 K)/[2] + 273 K) 



Then the required power input to this reversible heat pump becomes 



, ^ Qff ^ 37.5 kW 

COPhp 1 1 .3 



3.32 kW 



DiscassfOf) This re(rersible heat pump can meet the heating requirements of 
this house by consuming eiectric power at a rate of 3.32 kW only. If this 
house were to be heated by electnc resistance heaters instead, the power 
consumption would jump up 1 L.3 times to 37.5 kW. This is because in 
resistance heaters the electric energy is converted to heat at a one-to-one 
ratio. With a heat pump, however, energy is absorbed from the outside and 
carried to the inside using a refrigeration cycle that consumes only 3.32 kW. 
Notice that the heat pump does not create energy. It merely transports it 
from one medium {the cold outdoors) to another (the warm indoors). 







